The 3.5-3.2 Ga sedimentary record shows evidence of surface temperatures of 70 ؎ 15 ؇C, nahcolite (NaHCO 3 ) as a primary evaporitic mineral, and an aggressive weathering regime even in the absence of land vegetation. These features are best explained by a mixed CH 4 and CO 2 atmospheric greenhouse in which CH 4 /CO 2 ratios were K1 and pCO 2 was at least 100-1000 times the present value and perhaps as high as several bars. The formation of large areas of continental crust at 3.2-3.0 Ga, including the Kaapvaal and Pilbara cratons, resulted in the gradual depletion of atmospheric CO 2 through weathering. By 2.9-2.7 Ga, declining pCO 2 was associated with climatic cooling and siderite-free soils. Transitory CH 4 /CO 2 ratios of ϳ1 may have resulted in the sporadic formation of organic haze from atmospheric CH 4 , reflected in one or more isotopic excursions involving global deposition of abnormally 13 C-depleted organic C. Surface temperatures of Ͻ60 ؇C after 2.9 Ga may have also increased the distribution and productivity of oxygenic photosynthetic microbes. Eventual lowering of new continental blocks by erosion, reduced loss of atmospheric CO 2 due to weathering, and continued long-term tectonic recycling of CO 2 resulted in rising pCO 2 and decreasing CH 4 /CO 2 ratios in the later Archean and eventual reestablishment of a mainly CO 2 greenhouse. Similar events may have been repeated in the latest Archean and earliest Proterozoic, but gradually rising production of O 2 effectively kept CH 4 /CO 2 ratios to K1 at this time.
INTRODUCTION
The faint Sun paradox has long been resolved by positing a strong greenhouse to offset lower solar luminosity and maintain liquid water at Earth's surface early in its history (Sagan and Mullen, 1972) . The known greenhouse effect of atmospheric CO 2 and abundant carbon stored in younger continental sedimentary rocks has pointed to carbon dioxide as an early greenhouse gas (Walker, 1977; Kasting, 1987 Kasting, , 1993 . Recent model studies, however, have argued that a CO 2 -rich Archean atmosphere could not have been maintained because of rapid CO 2 removal by carbonation of the oceanic crust and tectonic loss to the mantle (Sleep and Zahnle, 2001; Zahnle and Sleep, 2002) . Studies of paleosols have additionally suggested CO 2 levels below those necessary to compensate for reduced solar luminosity at 2.2-2.8 Ga (Rye et al., 1995) . These and other investigators (Sagan and Mullen, 1972; Kasting, 1997; Pavlov et al., 2000) have proposed methane, CH 4 , as a major early greenhouse gas. The objective of this paper is to summarize geologic evidence for elevated CO 2 levels in the 3.5-3.2 Ga atmosphere and to suggest that major Archean atmospheric events are best explained by a mixed CH 4 and CO 2 greenhouse in which pCO 2 fluctuated widely because of tectonic processes.
GEOLOGIC EVIDENCE OF ELEVATED CO 2 LEVELS AND HIGH SURFACE TEMPERATURES CA. 3.5-3.2 Ga Oxygen Isotope Evidence of High Surface Temperatures
Estimates of pre-3.0 Ga surface temperatures have varied from icy (Bada et al., 1994; Valley et al., 2002) to warm (Ohmoto and Felder, 1987) to hot Lowe, 1978, 2003) . Knauth and Lowe (2003) provided a systematic analysis of the ␦ 18 O composition of cherts in the 3.5-3.2 Ga Barberton greenstone belt, South Africa. The results demonstrate that preserved ␦ 18 O values in many cherts representing silicified marine sediments were set when disordered silica was converted to quartz at burial depths of Ͻ1 km, reflect prevailing surface temperatures, and have not been substantially altered by later diagenetic and metamorphic events. The isotopic compositions of the least-altered cherts indicate surface temperatures of 70 Ϯ 15 ЊC. It is difficult to account for such high temperatures by a methane greenhouse alone. At CH 4 /CO 2 ϳ 1, methane would have polymerized to form an atmospheric organic haze (Kasting et al., 1983; Zahnle, 1986 ) that would have effectively blocked sunlight (Pavlov et al., 2001a) . The result would have been antigreenhouse cooling like that observed on Titan (McKay et al., 1991) . Haze formation could also have resulted in deposition of abnormally 13 C-depleted carbon (Pavlov et al., 2001b) , which has not yet been identified in the pre-3.0 Ga geologic record. Early temperatures as high as those suggested by Knauth and Lowe (2003) would have required a greenhouse in which CH 4 /CO 2 K 1.
Evaporites
The case for nahcolite (NaHCO 3 ) as a primary evaporite in 3416 Ma rocks of the Barberton greenstone belt was presented by Lowe and Fisher-Worrell (1999) . Sugitani et al. (2003) also reported silicified nahcolite in ca. 3.2 Ga rocks in the northern part of the Eastern Pilbara block, Western Australia. Coarse, upward-radiating, silicified evaporite crystals in the ca. 3.47-3.46 Ga Strelley Pool Chert (Lowe, 1983) show the same habit, geometry, and environmental setting as nahcolite in the Barberton belt and also probably represent NaHCO 3 .
Today, nahcolite forms mainly in alkaline lake deposits by alteration of trona, Na 2 CO 3 ·NaHCO 3 ·2H 2 O (Foshag, 1940; Eugster, 1966) . It is not a primary evaporitic mineral because trona is stable under present surface conditions. Nahcolite becomes the stable solid phase in equilibrium with solution and gas phases if pCO 2 in the gas phase is sufficiently high. Studies by Eugster (1966) of the system sodium carbonate ϩ sodium bicarbonate ϩ solution ϩ gas at 1 bar and solubilityproduct calculations for sodium carbonate and bicarbonate minerals (Monnin and Schott, 1984) suggest that the minimum atmospheric pCO 2 at which nahcolite is in equilibrium with liquid and gas phases is a function of temperature. At temperatures suggested by Knauth and Lowe (2003)-55, 70 , and 85 ЊC-the corresponding minimum CO 2 levels are ϳ1.4%, ϳ4%, and ϳ10%, respectively. Because the present atmospheric level (PAL) is ϳ300 ppm (0.03%), these represent ϳ50, 130, and 330 times PAL and are significantly higher than CO 2 levels estimated by Rye et al. (1995) and Pavlov et al. (2003) during later Archean time, but are consistent with general early CO 2 levels estimated by Kasting (1993) . These are also the minimum atmospheric CO 2 levels at 1 bar for nahcolite to exist as an equilibrium phase: actual levels could have been much higher.
Aggressive Climatic Regime
A number of studies have suggested that first-cycle Archean clastic sedimentary rocks show evidence of intense source-rock weathering (e.g., Fedo et al., 1996; Sugitani et al., 1996; Hessler, 2001) . Such intense weathering is problematic in view of the absence of a binding vegetative cover on the Archean landscape. In modern high-relief environments, removal of the plant cover typically results in rapid soil erosion, exposure of bedrock, and production of immature first-cycle sediments. Where rainfall is high, plants form a pervasive cover, fluvial transport is extensive, and firstcycle quartz-rich sediments, including nearly pure quartzites, may form (Johnsson et al., 1988) .
The 3.2 Ga Moodies Group in the Barberton greenstone belt is a first-cycle synorogenic sandstone sequence, 1000-3000 m thick, derived largely from tonalitic and minor granitic plutonic rocks with contributions from komatiitic, mafic, and felsic volcanic rocks and interbedded cherts (Heubeck and Lowe, 1999; Hessler, 2001) . The implications of these sediments for Archean weathering were explored by Hessler (2001) . Moodies conglomerates are composed almost exclusively of the most chemically resistant source-rock components, mainly well-rounded clasts of chert, but include minor silicified ultramafic rock, silicified sandstone, jasper, and vein quartz. These rock types collectively make up Ͼ90% of conglomerates but Ͻ5% of the source rocks. The main labile components are clasts of felsic volcanic rock and rare clasts of sandstone, both derived from the immediately underlying Fig Tree Group. Sandstones in the Moodies Group are composed largely of quartz (60%-80%), potassium feldspar (0%-20%), and lithic grains (10%-30%) (Heubeck and Lowe, 1999) . Plagioclase, the major component of the tonalitic source rocks, composes Ͻ2%-3% of most Moodies sandstones. More labile components, including ferromagnesian minerals, mafic and komatiitic volcanic rocks, and nonsilicified sediments, representing perhaps 20% of the source rocks, are minor components (Ͻ1%) or absent altogether.
These compositions suggest an aggressive weathering regime in which labile components were rapidly removed during first-cycle chemical weathering, even in the absence of a soil cover. Only the most refractory components, mainly quartz, K-feldspar, and cherty rock fragments, mixed with locally derived felsic volcanic materials, remain as sand-or gravel-sized grains. It is unlikely that hydrolysis alone could have resulted in such intense weathering in a rapidly uplifted orogenic source area, and in the absence of free oxygen, oxidation would not have been effective. Ion exchange via acid-rock reactions involving carbonic acid formed through the reaction H 2 O ϩ CO 2 ϭ H 2 CO 3 offers the most effective means of rapid weathering in the absence of a widespread soil layer. Dott (2003) and others have argued that biological crusts or microbial mats may have stabilized soils on the Archean land surface. Although possibly developed on some lowrelief Archean surfaces, it is unlikely that such crusts would have developed and resisted erosion on orogenic highlands like those from which voluminous first-cycle sediments of the Moodies Group were derived.
Atmosphere Composition 3.5-3.2 Ga
The combination of high surface temperatures, nahcolite as an evaporitic mineral, and an aggressive weathering regime point toward CO 2 as a major component of the early atmosphere. Estimates of Kasting and Ackerman (1986) suggest that Archean surface temperatures of 55-85 ЊC would have required a 5-10 bar CO 2 atmosphere if CO 2 and H 2 O were the only greenhouse gases. Lower CO 2 levels would have been required if CH 4 were also present. However, high surface temperatures and the absence of unusually light reduced carbon in pre-3.0 Ga sedimentary deposits suggest that there was no Titan-like haze in the early atmosphere and that the CH 4 / CO 2 ratio was K1.
Sleep and Zahnle (2001) and Zahnle and Sleep (2002) suggested that early high CO 2 levels would have been rapidly lowered through weathering and interaction with the oceanic crust. However, a number of features of the Early Archean surface system may have acted to maintain high atmospheric pCO 2 . These include efficient tectonic recycling of CO 2 (less lost to the mantle) and lowefficiency transfer of CO 2 to the oceanic crust. The latter may reflect (1) little subaerial crust available for weathering (Young, 1991; Lowe, 1994) , (2) a highly stratified ocean (Klein and Beukes, 1989; Lowe, 1994) , and (3) rapid covering of new oceanic crust by impermeable siliceous sediments.
GEOLOGIC EVIDENCE OF REDUCED CO 2 LEVELS AND COOLER CLIMATIC CONDITIONS CA. 2.9-2.7 Ga
Although evidence suggests surface temperatures of 70 Ϯ 15 ЊC between 3.5 and 3.2 Ga, such conditions did not persist into Late Archean time. Soil data of Rye et al. (1995) suggest that atmospheric CO 2 levels at 2.75 Ga could not have been greater than ϳ1000-10,000 ppm, a much lower level than those suggested by pre-3.2 Ga cherts and evaporites. Nahcolite is not known from greenstone or cratonic successions deposited after 3.2 Ga. Possible glaciogenic units ca. 2.9 Ga in both the Pongola (Young et al., 1998) and Witwatersrand (Wiebols, 1955) Supergroups are consistent with lower pCO 2 and a reduced greenhouse effect. Additionally, 2.8-2.7 Ga strata worldwide contain very light organic carbon with ␦ 13 C in the range of Ϫ40‰ to Ϫ60‰ (Schidlowski et al., 1983; Rye and Holland, 2000) . Pavlov et al. (2001a Pavlov et al. ( , 2001b argued that this isotopic excursion reflects the formation of hydrocarbon aerosols from atmospheric biogenic methane when the CH 4 /CO 2 ratio was ϳ1, a conclusion consistent with decreasing pCO 2 . The formation of methane haze would have additionally increased cooling through an antigreenhouse effect (Pavlov et al., 2001a) , perhaps culminating in at least local glaciation. Hayes (1994) and Hinrichs (2002) attributed this 13 C depletion to microbial fixation of methane rather than deposition of atmospheric organic haze, an interpretation that is not inconsistent with the overall picture of Archean atmospheric evolution proposed here.
DISCUSSION

Archean Evolution of Atmospheric CH 4 and CO 2
The two intervals during the Archean for which climatic and atmospheric data exist, 3.5-3.2 Ga and 2.9-2.7 Ga, provide rather different pictures of Archean surface conditions. These intervals also bracket the first major crust-forming event for which there is a geologic record, reflected in the formation of the Kaapvaal and Pilbara crustal blocks from ca. 3.2 to ca. 3.0 Ga (Lowe, 1992 (Lowe, , 1994 . The following scenario, although speculative, seems most consistent with the observed events (Fig. 1). 1. Before 3.2 Ga, surface temperatures of 70 Ϯ 15 ЊC were maintained by a mixed CH 4 and CO 2 greenhouse in which the CH 4 /CO 2 ratios were K1. High atmospheric pCO 2 was maintained by efficient tectonic recycling, the paucity of large stable subaerial crustal blocks for weathering, and inefficient transfer of CO 2 from atmospheric to crustal reservoirs.
2. From 3.2 to 3.0 Ga, at least one large block of continental crust formed, today represented by the Kaapvaal and Pilbara cratons. Starting ca. 3.2 Ga, this new crustal block was subject to weathering and erosion beneath the CO 2 -rich atmosphere. This weathering greatly accelerated transfer of CO 2 from the atmosphere to the ocean (Young, 1991; Lowe, 1992 Lowe, , 1994 ) and ultimately to the oceanic crust. Even with efficient tectonic recycling, this transfer would have gradually lowered atmospheric pCO 2 as long as extensive areas of crust remained exposed and subject to weathering.
3. By 2.9-2.7 Ga, lower atmospheric CO 2 levels are reflected in the composition of soils (Rye et al., 1995) , climatic cooling, and pos- and formation of organic haze, which began to reduce pCH 4 along path defined by CH 4 /CO 2 ഠ 1. Declining pCO 2 and pCH 4 at 2.9-2.7 Ga resulted in global cooling and possibly glaciation (point c in lower diagram). Reduced weathering and continued tectonic recycling 2.7-2.6 Ga led to increasing pCO 2 (line c-d-e), allowing coupled increase in pCH 4 while maintaining CH 4 /CO 2 ഠ 1. When upper limit of CH 4 production was reached (point d), CH 4 /CO 2 became <1 and methane haze formation ceased. Enhanced weathering ca. 2.6 Ga (point e) associated with continent building at 2.7-2.5 Ga once again initiated rapid depletion of atmospheric CO 2 and decline in surface temperatures. Increased O 2 production-associated with latest Archean spread of oxygenic photosynthetic microbes onto large, shallow-water, continental shelves developed on older (pre-3.0 Ga) blocks of continental crust (point f)-concurrently lowered pCH 4 , maintaining CH 4 /CO 2 < 1 and preventing formation of organic haze. Widespread glaciation at 2.4-2.2 Ga resulted from decreasing pCO 2 due to weathering and declining pCH 4 due to oxidation.
sibly glaciation (Fig. 1) . As suggested by Pavlov et al. (2001b) , the deposition of organic carbon with ␦ 13 C values of Ϫ40‰ to Ϫ60‰ at 2.8-2.7 Ga (Schidlowski et al., 1983; Rye and Holland, 2000) probably reflects a gradual rise in the CH 4 /CO 2 ratio until it reached ϳ1 ca. 2.9-2.8 Ga. Pavlov et al. (2001b) argued that this increase in CH 4 /CO 2 ratios resulted from a positive feedback mechanism: rising pCH 4 triggered increasing greenhouse temperatures that in turn resulted in increased methane production by methanogens. They also suggested that increases in CH 4 /CO 2 ratios would have been enhanced by concurrent CO 2 depletion because of rock weathering resulting from the increasing surface temperatures. As an alternative interpretation, we suggest that the 2.8-2.7 Ga isotopic excursion was triggered by collapse of the pre-3.2 Ga CO 2 -dominated greenhouse because of weathering associated with formation of large tracts of new continental crust, not from increasing temperatures and rising levels of CH 4 . As pCO 2 declined, CH 4 /CO 2 ratios would have increased until CH 4 /CO 2 reached ϳ1, when isotopically light organic aerosols would have formed. Aerosol formation would have driven temperatures even lower through removal of CH 4 from the atmosphere and an antigreenhouse effect. The atmospheric organic particles would have settled out to be incorporated into sedimentary deposits as isotopically light carbon. These events may have commenced before 2.9 Ga, but no clear record has yet been found.
4. As the 3.2-3.0 Ga continents were reduced by erosion and covered by sedimentary layers, CO 2 depletion via weathering slowed, and the surface carbon cycle became dominated by the return of subducted CO 2 via volcanism and recycling. After 2.7 Ga, the CH 4 / CO 2 ratio returned to K1, and an effective greenhouse was reestablished, although possibly at somewhat lower surface temperatures than before 3.2 Ga (Fig. 1) because of small net losses of C to the mantle and continental sedimentary deposits.
O 2 Evolution
This picture of early atmosphere and climate evolution suggests a possible temperature control on biogenic O 2 production on the pre-3.2 Ga Earth. Oxygenic photosynthesis is currently limited to ambient temperatures of Ͻ73 ЊC and, with the exception of the cyanobacterium Synechococcus, to temperatures of Յ60 ЊC (Brock, 1978) . If surface temperatures on the pre-3.2 Ga Earth were 60 to ϳ73 ЊC, biogenic production of O 2 would probably have been severely limited. Global cooling associated with CO 2 depletion at 3.2-2.9 Ga would have opened shallow waters to extant oxygenic photosynthetic microbes. Increased weathering and runoff from the newly formed continents would also have provided enhanced supplies of nutrients to ocean surface waters for increased organic productivity. Increased O 2 production at 2.9-2.7 Ga and the resulting depletion of atmospheric CH 4 may have been due to increased activity of extant oxygenic photosynthetic microbes related to global cooling rather than to the evolution of oxygenic photosynthesis ca. 2.8 Ga, as suggested by Pavlov et al. (2001b) . This process could have been partially reversed after ca. 2.7 Ga as a result of declining weathering rates, efficient recycling of subducted CO 2 , continued microbial methane production, eventual rise of surface temperatures to Ͼ60 ЊC, and the resulting decrease in biogenic O 2 production (Fig. 1) .
CONCLUSIONS
Geologic data suggest that the post-late heavy bombardment Earth was warmed by an effective mixed CO 2 and CH 4 greenhouse that maintained surface temperatures of 70 Ϯ 15 ЊC at 3.5-3.2 Ga and contained from 20,000 ppm to several bars of CO 2 with CH 4 /CO 2 ratios of K1. This atmosphere was destabilized 3.2-3.0 Ga by the formation and subaerial weathering of large blocks of new continental crust and the resulting drawdown of CO 2 . An interval of cooler climate 2.9-2.7 Ga was associated with lower pCO 2 and transitory CH 4 / CO 2 ratios of ϳ1, possibly triggering formation of methane aerosols and glaciation. Production of photosynthetic O 2 may have been inhibited before 3.2 Ga because of high temperatures, but cooler climates 2.9-2.7 Ga would have favored O 2 generation by oxygenic photoautotrophs and associated removal of atmospheric CH 4 . A more moderate, warmer Late Archean climate was probably restored as weathering slowed and CO 2 was tectonically recycled back into the atmosphere.
A similar but modified Late Archean-Early Proterozoic tectonic-atmospheric-biotic cycle may have followed formation of enormous blocks of continental crust at 2.7-2.5 Ga (Lowe, 1994) , including glaciation at 2.4-2.2 Ga (Fig. 1) . However, the absence of a negative organic C isotope excursion during the Paleoproterozoic probably reflects CH 4 /CO 2 ratios of K1 throughout this interval (Pavlov et al., 2003) . A rapid CH 4 decline may have accompanied formation of widespread shallow continental seas and resulting increased O 2 production by photosynthetic microbes ca. 2.5 Ga (Fig. 1) . 
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